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Abstract:  Later age at onset of independent walking is associated with lower leg bone 
strength in childhood and adolescence.  However it is unknown whether these associations 
persist into older age, or whether they are evident at axial (central) or upper limb sites.  
Therefore we examined walking age obtained at 2y and bone outcomes obtained by dual-
energy X-ray absorptiometry (DXA) and peripheral quantitative computed tomography 
(pQCT) scans at 60-64y in a nationally-representative cohort study of British people, the 
MRC National Survey of Health and Development.  It was hypothesised that later walking 
age would be associated with lower bone strength at all sites. 
Later independent walking age was associated with lower height-adjusted hip (standardised 
regression coefficients with 95%CI) [-0.179(-0.251,-0.107)], spine [-0.157(-0.232,-0.082)]  
and distal radius [-0.159(-0.245,-0.073)] bone mineral content (BMC, indicating bone 
compressive strength) in men (all P<0.001).  Adjustment for covariates partially attenuated 
these associations, primarily due to lower lean mass and adolescent sporting ability in later 
walkers.  These associations were also evident for a number of hip geometric parameters 
(including cross-sectional moment of inertia (CSMI), indicating bone bending/torsional 
strength) assessed by Hip Structural Analysis (HSA) from DXA scans.  Similar height-
adjusted associations were also observed in women for several hip, spine and upper limb 
outcomes, although adjustment for fat or lean mass led to complete attenuation for most 
outcomes, with the exception of femoral shaft CSMI and spine bone area (BA). 
In conclusion, later independent walking age appears to have a lifelong association with bone 
strength across multiple skeletal sites in men.  These effects may result from direct effects of 
early life loading on bone growth, and mediation by adult body composition.  Results suggest 
that late walking age may represent a novel risk factor for subsequent low bone strength.  
Existing interventions effective in hastening walking age may have positive effects on bone 
across life. 
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Introduction: 
The large muscle and impact forces associated with locomotion have a pronounced effect on 
lower limb bone strength; athletes engaged in sprinting and running have up to 23% higher  
bone mineral content (BMC, an indicator of bone compressive strength) than sedentary 
controls(1), whereas cessation of ambulation in spinal cord injury patients leads to a loss of 
30% of lower limb BMC(2).  Onset of independent walking at around 12-18 months of age 
represents the first postnatal exposure of the lower limbs to these forces.  Previous studies 
have identified strong associations between later attainment of independent walking and other 
locomotor activities, and lower tibial BMC and CSMI (cross-sectional moment of inertia, an 
indicator of bone bending/torsional strength) in young children(3), and tibia/hip BMC and 
tibia CSMI in adolescents(4).  These associations were partly mediated by lower lean mass in 
later walkers, which may be acting as a marker of lower physical activity.  In the latter study, 
the Avon Longitudinal Study of Parents and Children (ALSPAC)(4), examination of sex 
differences revealed stronger associations in males than females as in previous studies of 
physical activity and bone(5).   
 
Later age at onset of independent walking may therefore represent a novel risk factor for low 
hip bone strength.  Given that development of independent walking can be modified in both 
healthy children(6) and in groups prone to delayed motor development(7,8) this may offer an 
opportunity for improving lifelong bone health.  However it is unknown whether associations 
between age at walking onset and bone strength persist into older age.  Hip fractures are rare 
in children and adolescents(9), but represent the most common fracture site in older 
individuals(10).  Given that hip bone strength is an important risk factor for future fracture(10) it 
is relevant to establish the long-term potential consequences of later development of walking 
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on bone health in later adulthood.  In addition, previous studies investigating associations 
between walking age and bone have only investigated lower limb bone strength, and 
associations between early life movement and central or upper limb sites such as the spine or 
distal radius (where fractures are also common and/or lead to a substantial burden on health 
services) are unknown. 
 
Therefore, this study investigated associations between age at onset of independent walking 
and hip, spine, and wrist bone strength (indicated by BMC and/or CSMI) in older men and 
women in the MRC National Survey of Health and Development (NSHD).  This British birth 
cohort study has prospective data on potential confounding and mediating factors in 
childhood (birth weight, father’s socioeconomic position (SEP) and sporting ability) and 
adulthood (body size, own SEP, and physical activity).  It was hypothesised that later walking 
age would be associated with lower measures of bone strength at all sites; and that 
associations would be stronger in men and partly mediated by lean mass, as in previous 
observations in an adolescent cohort (ALSPAC). 
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Materials and Methods: 
The MRC National Survey of Health and Development (NSHD) is a birth cohort study which 
includes a nationally representative sample of 2547 men and 2815 women of white European 
descent born in England, Scotland and Wales during one week in March 1946.  The cohort 
has been followed prospectively across life with outcome data for these analyses drawn from 
a data collection between 2006 and 2010 when participants were 60 to 64 years old(11).  Study 
members still alive and for whom a current address in England, Scotland or Wales was 
available (n = 2856) were invited for assessment at one of six clinical research facilities 
(CRFs) or to be visited by a research nurse at home.  Of these participants, 2229 (78%) were 
assessed; 1690 (76%) in a CRF. This participating sample is broadly representative of native-
born British men and women of similar age(12).  Relevant ethical approval was received, and 
informed consent was obtained from all participants.  
 
Musculoskeletal assessment 
1690 participants attended one of the six CRFs, at which height was measured using a 
stadiometer, and weight was measured with portable electronic scales while participants were 
lightly clothed and unshod.  Of these 1690 participants, 1658 had total body, hip and spine 
dual-energy X-ray absorptiometry (DXA) scans.  At each site, scans were acquired using 
QDR 4500 Discovery (Hologic Inc., Bedford, MA, USA) scanners, software version APEX 
version 3.1.  Of these, 1350 participants attending one of the five CRFs with an XCT 2000 
peripheral quantitative computed tomography (pQCT) scanner (Stratec, Pforzheim, Germany) 
also had pQCT scans of the non-dominant radius.  Scanning protocols were standardised 
across all sites by distribution of a detailed training protocol booklet and illustrative CD.  
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Results from scans of the European Spine(13) (ESP number 04-220) and Forearm(14) phantom 
for DXA and pQCT respectively were compared between all sites(15) . Cross-calibration was 
performed for DXA according to the method described by Pearson et al(16) but was not 
required for pQCT.  
 
From the total body DXA scans, total body (less head) lean and fat mass were recorded.  
From spine scans, mean bone mineral content (BMC), bone mineral density (BMD) and bone 
area (BA) for lumbar vertebrae L1-L4 were obtained.  From the proximal femur scan, total 
hip BMC, BA and BMD were assessed.  These femoral scans were further analysed to obtain 
geometrical characteristics using the hip structural analysis (HSA) module(17).  The 
distribution of bone mineral across 5-mm thick sections of the narrowest point of the femoral 
neck (FN) and at the femoral shaft (FS) at a point 2cm distal to the lesser trochanter midpoint 
were assessed.  At each site, estimated measures of cross-sectional area (CSA), cortical 
thickness (CT), cortical BMD and cross-sectional moment of inertia (CSMI – a composite 
measure of bone mineral density and shape indicating bone stiffness in bending and torsion) 
were calculated.  Repeat scan precision for DXA BMD measures in adults (n = 22) was 
determined in one CRF, and was <1% for all measurements.  
 
To assess whether associations with walking age were confined to weight-bearing bones, 
pQCT scans at the distal radius (taken at 4% distal-proximal ulna length) were examined 
using v6.00B of the software supplied with the machine using a contour mode C2P1, peeling 
threshold of 169 mg.mm-1 to separate bone from surrounding soft tissue.  Total BMC 
(vBMC.tot, mg.mm-1), total bone cross-sectional area (Ar.tot, mm2) and trabecular BMD 
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(vBMD.ct, mg.mm-3) were assessed.  pQCT 4% repeat scan precision in 20 adults was 
assessed at one CRF and ranged between 1% and 2%.  
 
Age at onset of independent walking 
During an assessment at age 2 years, study participants’ mothers recalled the age (in months) 
at which their child first walked unaided. 
 
Covariates 
Factors which may potentially confound or mediate the main associations of interest were 
selected a priori based on previous findings in the literature.  These were current height, lean 
and fat mass, early life factors (birth weight, father’s occupational class and sporting ability); 
and adult life factors (own occupational class and leisure time physical activity).   
 
Birth weight was extracted from medical records within a few days of birth, and 
measurements to the nearest quarter-pound (113g) were converted to kilograms.  As 
indicators of socioeconomic position (SEP), father’s occupation at child age 4 (or at age 11 or 
15 if missing at age 4) and own occupation at age 53 (or if not available, the most recent 
measure in adulthood) were both categorised into six groups (I (Professional), II (Managerial 
and technical), IIINM (Skilled non-manual), IIIM (Skilled manual), IV (Partly-skilled) and V 
(Unskilled)) using the Registrar General’s Social Classification(18).  At age 13 years, children 
were graded as above average, average or below average according to teacher reports of their 
sporting ability.  This measure is used as a marker of motor skills and coordination evidenced 
by school-based physical activity, and is predictive of leisure time physical activity levels in 
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adulthood(19).  Participation in leisure time physical activity at age 60-64 was ascertained by 
asking participants to report whether or not they had undertaken any sports, vigorous leisure 
activities or exercises in their spare time, not including getting to and from work, in the last 
four weeks and if so on how many occasions they had done these activities.  This was 
categorised into three groups: inactive (no participation); moderately active (participated 1-4 
times); most active (participated ≥ 5 times).   
 
Statistical Analysis 
Data were analysed using the R statistical environment (version 3.1.2, www.r-project.org), 
for 1215 participants (627 women) with complete DXA data and all covariates.  A series of 
multiple linear regression models were used to examine associations between age at onset of 
independent walking with each bone outcome, adjusted for each set of covariates.  The main 
models were all sex-stratified due to previous findings(4) and evidence of sex interactions 
when these were formally tested.  Model 1 examined the unadjusted associations between 
walking age and each outcome. Model 2 was adjusted for height only.  Model 3 was further 
adjusted for early life factors (Birthweight + Father’s Occupational Class + Sports Ability), 
whilst further adjustment for adult life factors (Adult Occupational Class + Exercise) was 
performed in Model 4.  Remaining models considered body composition; Models 5 and 6 
were further adjusted for fat and lean mass respectively.  Fully-adjusted Model 7 considered 
all covariates i.e. lean and fat mass were both entered.   
 
Associations between walking age and bone outcomes are reported as standardised 
coefficients (indicating the SD change in the outcome associated with one SD change in age 
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at walking).  Formal tests of deviation from linearity (i.e. inclusion of quadratic terms and 
modelling age at walking with individuals divided into sixths) have also been performed, but 
there was no evidence of non-linearity.  
Sensitivity Analyses 
To investigate whether associations between walking age and bone outcomes were mediated 
by differences in pubertal timing, model 7 was further adjusted for pubertal status in the sub-
sample of 586 women and 540 men for whom these data were available.  Pubertal status was 
assessed by a school doctor, through a medical examination and interview(20).  For women, 
age at menarche was obtained from mothers’ reports during the examination or 
retrospectively at age 48 by self-report for those women who had not reached menarche at 
time of assessment.  Development in boys was graded by assessment of voice breaking, 
visible pubic hair and axillary hair, and genital development(20).  As an alternative approach 
to assessing independent effects of fat and lean mass, models were also constructed using 
residual values of fat adjusted for lean and vice versa.  The effects of local rather than total 
body mass were assessed in further models adjusted for lower or upper limb lean and fat mass 
derived from DXA scans, for hip and radius bone outcomes respectively. 
 
In addition to assessments adjusted using self-reports of leisure time physical activity, models 
4-7 were alternatively adjusted using accelerometry data in 511 women and 486 men for 
whom these data were available.  Accelerometry data were obtained using a chest-worn 
Actiheart movement monitor as reported previously(21,22).  Briefly, participants wore a 
monitor for up to 5 consecutive days at age 60-64 during which time acceleration and heart 
rate was measured in 30-second epochs.  Data from each epoch were converted and 
categorised to intensities relative to 1 standard metabolic equivalent (MET)) as follows: 
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sedentary (≤ 1.5 METs), light (1.5 – 3 METs), and MVPA (>3 METs)).  Data were adjusted 
for wear time and diurnal information bias to give an estimate of the time spent in an average 
day at each level of intensity.  Models were adjusted for each band individually, and 
additionally for all three bands simultaneously. 
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Results: 
<Table 1 about here> 
 
Cohort Characteristics 
Characteristics of the 627 women and 588 men with complete data included in analyses are 
presented in Tables 1 and 2.  There was no sex difference in walking age (P = 0.38), but later 
age at onset of walking was associated with higher child and adult SEP, greater adult height,  
lower weight and lean and fat mass and below average sporting ability in both sexes 
(Supplementary Table 1). 
 
<Table 2 about here> 
 
Total Hip Bone Outcomes 
Unadjusted regression models showed that later walking age was associated with lower total 
hip BMC in men (Figure 1a, Model 1); similar associations were observed for total hip BMD 
and BA (Supplementary Table 2).  Adjustment for height (Model 2) increased the strength of 
these associations for all variables.  Further adjustment for early life factors partially 
attenuated this association, and further substantial attenuation occurred after adjustment for 
lean but not fat mass for all three outcomes (although only for BMD was this attenuation 
complete).  There was no association between walking age and hip bone outcomes in any 
model in women (all P > 0.1). 
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<Figure 1 about here> 
 
Lumbar Spine Bone Outcomes 
In men, later walking age was associated with lower spine BMC (Figure 1b, Model 1), BMD 
and BA values (Supplementary Table 2) in unadjusted models and, as with hip bone 
outcomes, strength of associations increased following adjustment for height in Model 2 for 
all outcomes. Adjusting for early life factors and current fat mass had little effect on these 
estimates whilst further adjustment for lean mass led to full attenuation of BMD and partial 
attenuation of BMC/BA associations (Model 6). 
 
<Figure 2 about here> 
 
Whilst no associations between walking age and spine outcomes were observed in women in 
the unadjusted model, weak associations between later walking and lower spine BMC and 
BA were found following adjustment for height.  These associations were attenuated by 
adjustment for lean and/or fat mass for BMC but not BA. 
 
Hip Geometry Outcomes 
For both the femoral shaft and femoral neck sites, later walking age was associated with 
lower values in all outcomes (CSA, CT, BMD and CSMI) in men with little attenuation 
following adjustment for height, early life or adult life factors (Figure 2a-d and 
Supplementary Table 3, Models 1-5).  Adjustment for body composition, particularly lean 
mass, partially (or completely for BMD and pCT) attenuated these associations. 
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In women, there was no association with BMD or CT in any model at either site 
(Supplementary Table 3, all P > 0.15).  Later walking age was associated with lower CSA 
and CSMI (Figure 2 e-h); these associations were partially (CSMI) or wholly (CSA) 
attenuated by adjustment for either fat or lean mass. 
 
Distal Radius Bone Outcomes 
Distal radius pQCT outcomes were also examined in the sub-cohort of 499 men and 500 
women from whom these scans had been obtained.  Later walking age was associated with 
lower total BMC (Figure 1c) and was weakly associated with lower total CSA 
(Supplementary Table 4) in men; these associations were little affected by adjustment in 
Models 2-7.  There was no association between walking age and pQCT outcomes in women.  
 
Sensitivity analysis 
Adjustment for pubertal status did not result in substantial attenuation of associations for any 
bone outcome.  Use of upper limb or lower limb lean and fat mass rather than whole body 
measures, or adjustment by lean and fat mass residuals rather than raw values did not 
substantially affect associations.  Similarly, use of accelerometry rather than self-reported 
physical activity data did not substantially influence results.  Whilst results are shown only 
for participants with complete data, analyses run using maximum available samples produced 
similar findings (not reported).   
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Discussion: 
In a large, national cohort study, later attainment of independent walking was associated with 
lower hip bone strength (indicated by BMC and CSMI) in men aged 60-64.  These 
associations were also evident at central (L1-L4 spine) and upper limb sites, and partly 
explained by differences in lean mass.  Similar associations were also observed for several 
hip, spine and upper limb variables in women after adjustment for height, although with the 
exception of femoral shaft CSMI and spine BA associations were completely attenuated by 
adjustment for fat or lean mass.  These results are in agreement with the hypothesis that later 
walking age would be associated with lower bone strength at all sites, with stronger 
associations in men. 
 
Comparison with previous findings 
That we found later walkers had lower bone strength at age 60-64 years is similar to previous 
findings in young children(3) and adolescents(4).   The current study extends previous work by 
examining an older cohort; results suggesting that these associations persist into older age 
when low bone strength and fractures become more prevalent.  As reported in a previous 
study(4), we also found that associations between walking age and bone strength were more 
pronounced in men than women although lower hip bending strength (CSMI) was observed 
in later walkers of both sexes.  Previous studies had focused on associations between walking 
age and lower limb bone strength indicators, on the basis that locomotory competence would 
primarily result in bone loading in this site.  This new study shows that early walking is also 
associated with upper limb and spine bone strength in older age.  Walking age can be 
regarded as a global marker of motor development, as greater locomotor ability in early life is 
also associated with performance of upper limb motor performance in later childhood(4).  
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Therefore it may be that walking age is also associated with upper limb physical activity, 
supported by associations between walking age and lean mass, although upper limb physical 
activity was not objectively assessed.  Alternatively, stronger bones with greater cross-
sectional area could allow attachments of tendons of large muscles and thus expedite early 
independent walking.  This interpretation is supported by the general enhancement of 
associations in model 2 (with adjustment for height) which reduces the allometric component 
that larger muscles are needed for longer bones, and further by the attenuation of associations 
when adjusted for lean mass .  However, a previous study(3) showed no association between 
bone strength at birth and walking age, or between muscle and bone at birth.  However, 
strong relationships were observed at 15 months - suggesting that these associations develop 
after birth rather than larger bones or muscles driving walking development. 
 
That later walking age is also associated with lower bone strength at central and upper limb 
sites is important as fracture incidence is even greater in the upper than lower limbs and, 
fractures of the central skeleton represent around a fifth of all fractures in older 
individuals(24), hence maintenance of bone health throughout the skeleton is required to 
minimise fracture incidence.  This study is the first to examine associations between walking 
age and detailed hip geometry,.  Advantages in bone strength in early-walking men at both 
the predominately cortical shaft and predominately trabecular neck sites in this study 
appeared to result from greater bone size, cortical thickness and BMD.  In addition, 
advantages in femoral neck and shaft CSMI (indicating bone bending and torsional strength) 
were also evident from HSA analysis in women, whereas basic analysis did not identify any 
effects on BMC (indicating compressive bone strength). 
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Potential explanations of findings 
As later walking age was associated with lower bone strength even after adjustment for early 
and adult life factors known to affect bone, it may be that there is a direct, persisting effect of 
walking age on bone strength.  Associations between early life health and development 
indicators and later life health are well established, such as those observed between birth 
weight and bone strength in older age(15,25).  During growth, a lower limb bone growth ‘spurt’ 
occurs at 1-2 years of age i.e, which cannot be explained by changes in body size(26).  This 
peak (mirrored in the upper limbs slightly earlier at onset of crawling age(26)) occurs at about 
the time of walking onset which is associated with large (~40%) increases in BMC primarily 
through greater bone size(3).  It appears that the ability to increase bone size via loading is 
impaired in adulthood(28) but that advantages accrued during youth persist several decades 
after exercise cessation(29).  Therefore it may be that early life advantages in bone size and 
strength in early walkers persist into adulthood.  This appears to be supported by the pattern 
of bone differences between early and late walkers observed in this and a previous study(4), 
based on differences in bone size rather than density. 
 
In this previous study, associations between later walking age and lower bone strength were 
partly explained by lower adolescent lean mass in later walkers(4).  Greater lean mass is 
associated with higher levels of high-impact physical activity(30), which in turn is associated 
with greater bone strength(5,31) in adolescents (particularly males).  Given that associations 
between impaired motor development in early life and lower childhood physical activity are 
evident(32) and persist into adolescence in males(33), it seems plausible that associations 
between walking age and bone strength could therefore act through altered motor 
development and physical activity.  Unfortunately, no data on either childhood physical 
activity or lean mass in earlier life are available in the NSHD.  However, adolescent sports 
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ability (as an indicator of motor competence) was examined but its inclusion  resulted in only 
minor attenuation of associations between walking age and bone strength.   
 
Given the lack of a sex difference in walking age, sex differences in associations cannot be 
explained by this variable per se but more likely by differential response to e.g. mediating 
effects of childhood loading.  Early life motor development is associated with adolescent 
physical activity only in males(33), whilst effects of high-impact physical activity on bone size 
and strength are greater in adolescent males than females(5).  This may relate to lower average 
levels of vigorous physical activity observed in adolescent females than males, in addition to 
smaller inter-individual variation(33).  Hormonal effects could also underlie this sex difference 
(34).   
 
As with a previous study in adolescents(4), associations between walking age and bone 
strength were attenuated by adjustment for lean mass (and, to a much lesser extent, fat mass).  
However, given that models in both the previous and current studies were also adjusted for 
height, the mechanism of this mediation is unclear.  Whilst physical activity is associated 
with lean mass in adolescents, relationships in older adults are less evident(21).    There was 
little effect of adjustment for monitored or self-reported physical activity data on associations 
between walking age and bone in the NSHD.   
 
As the influence of muscular action on bone is more important than the effects of external 
impacts(36) and patterns of muscle and impact forces differ during movement(37,38) it may be 
that muscle measures are acting as a more sensitive indicator of bone loading than 
accelerometry-derived measures.  This is supported by the far stronger relationships between 
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lean mass and BMC even when adjusted for height and fat mass(39), than accelerometer-
derived measures(40,41).    As with early-life mediators, associations between walking age and 
bone strength could be explained by greater vigorous physical activity levels in males(42), in 
addition to greater bone mechanosensitivity.   
 
Significance and Implications 
The current results suggest that walking age may represent a risk factor for low bone strength 
in men.  Height-adjusted spine and total hip BMD were around 0.8SD lower in men in the 
lowest sixth of walking age (16 months or older) compared to those in the highest sixth (10 
months or younger).  A one SD lower BMD is associated with approximately doubled 
fracture risk, hence men walking at 16 months or later would be expected to have a ~75% 
greater fracture risk than early walkers.   Walking onset age is a modifiable factor, with even 
simple parent-led exercise interventions producing earlier attainment of independent 
walking(6).  Therefore such interventions may represent an inexpensive route to improve 
lifelong bone health.   
 
These results may have implications for a number of clinical groups such as pre-term or small 
for gestational age children, whose prevalence has increased in recent decades(44,45).  These 
groups have delayed motor skill development accompanying low bone strength, hence 
interventions aimed at improving early life motor competence may attenuate these deficits.  
For example, in children with Down’s Syndrome, a home-based, parent-led treadmill training 
intervention improved onset of walking age by four months compared to controls(7).  Given 
these large effects on walking age (which in turn are associated with higher bone strength in 
early childhood(3)), benefits to bone development could become evident through even small-
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scale studies.  This is supported by results of a recent trial in which walking practice led to 
improved bone mass in infants with myelomeningocele (a neural tube defect leading to 
pronounced delays in onset of independent walking(46))(47).  Results of the current and 
previous studies suggest that this would result from direct effects of earlier exposure to 
locomotory forces, in addition to mediation by the consequent improvements in motor 
competence, physical activity and lean mass(4,30,33). 
 
Strengths and Limitations 
Strengths of the study include unique assessment of associations between walking age and 
skeletal health at multiple fracture-prone sites around six decades after walking onset.  The 
availability of prospective data on a wide range of covariates across life, and assessment of 
bone in all participants at a similar age are also strengths.  However, given the observational 
nature of the study, causality cannot be attributed.  Residual confounding by factors not 
included in analyses may explain these associations, but when other factors were considered 
(e.g. birth order) they were not found to be important.  Also, societal changes in areas such as 
healthcare, nutrition and attitudes to physical activity may limit the ability to generalise these 
results to current or future generations.  Age at onset of walking was recorded by 
questionnaire at two years of age rather than at the time; however, parental recall of walking 
onset is shown to have excellent reliability up to two years after the event(48).  Exclusion of 
missing data may have introduced bias; participants with data for all covariates included in 
the study were taller than participants with walking age and bone outcome data although 
other exposures and outcomes were similar.   Similar results were observed when analyses 
were rerun on maximum available samples suggesting that effects on findings of these 
exclusions were limited. 
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Conclusions 
In conclusion, age at onset of independent walking appears to have a lifelong association with 
estimates of bone strength at multiple skeletal sites in men.  In addition to associations with 
bone growth, these may be mediated by altered physical activity and lean mass.  The lack of 
strong associations in women is another important finding from this study.  These results 
suggest that early life interventions known to hasten walking onset may also have a positive 
influence on skeletal health across the population and in children.  Given the challenges of 
length of follow-up for verifying these findings in population-level interventional trials, it 
would be prudent to first investigate these proposals in children prone to low bone strength 
and increased fracture risk. 
 
Acknowledgements: 
The authors are grateful to NSHD study members for their continuing support. We thank 
members of the NSHD scientific and data collection teams who were involved in the NSHD 
data collection in 2006-2010 at the following centres: MRC Unit for Lifelong Health and 
Ageing at UCL; MRC Epidemiology Unit, University of Cambridge; MRC Lifecourse 
Epidemiology Unit, University of Southampton; MRC Elsie Widowson, Cambridge; 
Wellcome Trust (WT) Clinical Research Facility (CRF) Manchester and the Department of 
Clinical Radiology at the Central Manchester University Hospitals NHS Foundation Trust; 
WTCRF and Medical Physics at the Western General Hospital in Edinburgh; WTCRF and 
the Department of Nuclear Medicine at University Hospital Birmingham; WTCRF and the 
Department of Nuclear Medicine at University College London Hospital; CRF and the 
21 
 
Department of Medical Physics at the University Hospital of Wales; CRF and Twin Research 
Unit at St Thomas’ Hospital London. 
Data used in this publication are available to bona fide researchers upon request to the NSHD 
Data Sharing Committee via a standard application procedure.  Further details can be found 
at http://www.nshd.mrc.ac.uk/data  doi: 10.5522/NSHD/Q101; doi: 10.5522/NSHD/Q102; 
doi: 10.5522/NSHD/S102A        
 
 
Funding:  
SGM, KAW, DK and RC are supported by the UK Medical Research Council (Programme 
codes: MC_UU_12019/4 and U105960371). SGM is also supported by MRC grant 
MR/L010399/1.  
The MRC National Survey of Health and Development is funded by the UK Medical 
Research Council.  
The funders of the study had no role in the study design, data collection, data analysis, data 
interpretation, writing of the report or the decision to submit the article for publication. 
 
 
 
 
 
 
22 
 
 
References: 
 
1. Wilks DC, Winwood K, Gilliver SF, Kwiet A, Chatfield M, Michaelis I, et al. Bone 
mass and geometry of the tibia and the radius of master sprinters, middle and long 
distance runners, race-walkers and sedentary control participants: a pQCT study. 
Bone. Jul 2009;45(1):91-7. 
2. Rittweger J, Goosey-Tolfrey VL, Cointry G, Ferretti JL. Structural analysis of the 
human tibia in men with spinal cord injury by tomographic (pQCT) serial scans. 
Bone. Sep 2010;47(3):511-8. 
3. Ireland A, Rittweger J, Schönau E, Lamberg-Allardt C, Viljakainen H. Time Since 
Onset of Walking Predicts Tibial Bone Strength in Early Childhood. Bone. 
2014;68:76-84. 
4. Ireland A, Sayers A, Deere KC, Emond A, Tobias JH. Motor Competence in Early 
Childhood Is Positively Associated With Bone Strength in Late Adolescence. J Bone 
Miner Res. Dec 2016;31(5):1089–98. 
5. Deere K, Sayers A, Rittweger J, Tobias JH. A cross-sectional study of the relationship 
between cortical bone and high-impact activity in young adult males and females. J 
Clin Endocrinol Metab. Oct 2012;97(10):3734-43. 
6. Zelazo PR, Zelazo NA, Kolb S. "Walking" in the newborn. Science. Apr 
1972;176(4032):314-5. 
7. Wu J, Looper J, Ulrich BD, Ulrich DA, Angulo-Barroso RM. Exploring effects of 
different treadmill interventions on walking onset and gait patterns in infants with 
Down syndrome. Dev Med Child Neurol. Nov 2007;49(11):839-45. 
8. Ulrich DA, Ulrich BD, Angulo-Kinzler RM, Yun J. Treadmill training of infants with 
Down syndrome: evidence-based developmental outcomes. Pediatrics. Nov 
2001;108(5):E84. 
9. Rennie L, Court-Brown CM, Mok JY, Beattie TF. The epidemiology of fractures in 
children. Injury. Aug 2007;38(8):913-22. 
10. Schuit SC, van der Klift M, Weel AE, de Laet CE, Burger H, Seeman E, et al. 
Fracture incidence and association with bone mineral density in elderly men and 
women: the Rotterdam Study. Bone. Jan 2004;34(1):195-202. 
11. Kuh D, Pierce M, Adams J, Deanfield J, Ekelund U, Friberg P, et al. Cohort profile: 
updating the cohort profile for the MRC National Survey of Health and Development: 
a new clinic-based data collection for ageing research. Int J Epidemiol. Feb 
2011;40(1):e1-9. 
12. Stafford M, Black S, Shah I, Hardy R, Pierce M, Richards M, et al. Using a birth 
cohort to study ageing: representativeness and response rates in the National Survey 
of Health and Development. Eur J Ageing. Jun 2013;10(2):145-57. 
13. Kalender WA, Felsenberg D, Genant HK, Fischer M, Dequeker J, Reeve J. The 
European Spine Phantom--a tool for standardization and quality control in spinal bone 
mineral measurements by DXA and QCT. Eur J Radiol. Jul 1995;20(2):83-92. 
14. Ruegsegger P, Kalender W. A phantom for standardization and quality control in 
peripheral bone measurements by PQCT and DXA. Physics in Medicine and Biology. 
1993;38(12):1963. 
15. Kuh D, Wills AK, Shah I, Prentice A, Hardy R, Adams JE, et al. Growth from birth to 
adulthood and bone phenotype in early old age: a British birth cohort study. J Bone 
Miner Res. Jan 2014;29(1):123-33. 
23 
 
16. Pearson J, Dequeker J, Henley M, Bright J, Reeve J, Kalender W, et al. European 
semi-anthropomorphic spine phantom for the calibration of bone densitometers: 
assessment of precision, stability and accuracy. The European Quantitation of 
Osteoporosis Study Group. Osteoporos Int. May 1995;5(3):174-84. 
17. Beck TJ, Ruff CB, Warden KE, Scott WW, Rao GU. Predicting femoral neck strength 
from bone mineral data. A structural approach. Invest Radiol. Jan 1990;25(1):6-18. 
18. Galobardes B, Shaw M, Lawlor DA, Lynch JW, Davey Smith G. Indicators of 
socioeconomic position (part 2). J Epidemiol Community Health. Feb 2006;60(2):95-
101. 
19. Kuh DJ, Cooper C. Physical activity at 36 years: patterns and childhood predictors in 
a longitudinal study. J Epidemiol Community Health. Apr 1992;46(2):114-9. 
20. Kuh D, Muthuri SG, Moore A, Cole TJ, Adams JE, Cooper C, et al. Pubertal timing 
and bone phenotype in early old age: findings from a British birth cohort study. Int J 
Epidemiol. Jul 2016. 
21. Bann D, Kuh D, Wills AK, Adams J, Brage S, Cooper R, et al. Physical activity 
across adulthood in relation to fat and lean body mass in early old age: findings from 
the Medical Research Council National Survey of Health and Development, 1946-
2010. Am J Epidemiol. May 2014;179(10):1197-207. 
22. Golubic R, Martin KR, Ekelund U, Hardy R, Kuh D, Wareham N, et al. Levels of 
physical activity among a nationally representative sample of people in early old age: 
results of objective and self-reported assessments. Int J Behav Nutr Phys Act. 
2014;11:58. 
23. Dowthwaite JN, Dunsmore KA, Gero NM, Burzynski AO, Sames CA, Rosenbaum 
PF, et al. Arm bone loading index predicts DXA musculoskeletal outcomes in two 
samples of post-menarcheal girls. J Musculoskelet Neuronal Interact. Dec 
2015;15(4):358-71. 
24. Curtis EM, van der Velde R, Moon RJ, van den Bergh JP, Geusens P, de Vries F, et 
al. Epidemiology of fractures in the United Kingdom 1988-2012: Variation with age, 
sex, geography, ethnicity and socioeconomic status. Bone. Jun 2016;87:19-26. 
25. Dennison EM, Syddall HE, Sayer AA, Gilbody HJ, Cooper C. Birth weight and 
weight at 1 year are independent determinants of bone mass in the seventh decade: the 
Hertfordshire cohort study. Pediatr Res. Apr 2005;57(4):582-6. 
26. Ruff C. Growth in bone strength, body size, and muscle size in a juvenile longitudinal 
sample Bone. 2003;33:317-29. 
27. Kontulainen S, Sievänen H, Kannus P, Pasanen M, Vuori I. Effect of long-term 
impact-loading on mass, size, and estimated strength of humerus and radius of female 
racquet-sports players: a peripheral quantitative computed tomography study between 
young and old starters and controls. J Bone Miner Res. Dec 2002;17(12):2281-9. 
28. Ireland A, Maden-Wilkinson T, Ganse B, Degens H, Rittweger J. Effects of age and 
starting age upon side asymmetry in the arms of veteran tennis players: a cross-
sectional study. Osteoporos Int. Feb 2014;25(4):1389-400. 
29. Warden SJ, Mantila Roosa SM, Kersh ME, Hurd AL, Fleisig GS, Pandy MG, et al. 
Physical activity when young provides lifelong benefits to cortical bone size and 
strength in men. Proc Natl Acad Sci U S A. Mar 2014. 
30. Deere K, Sayers A, Davey Smith G, Rittweger J, Tobias JH. High impact activity is 
related to lean but not fat mass: findings from a population-based study in 
adolescents. Int J Epidemiol. Aug 2012;41(4):1124-31. 
31. Deere K, Sayers A, Rittweger J, Tobias JH. Habitual levels of high, but not moderate 
or low, impact activity are positively related to hip BMD and geometry: results from a 
population-based study of adolescents. J Bone Miner Res. Sep 2012;27(9):1887-95. 
24 
 
32. Wrotniak BH, Epstein LH, Dorn JM, Jones KE, Kondilis VA. The relationship 
between motor proficiency and physical activity in children. Pediatrics. Dec 
2006;118(6):e1758-65. 
33. Green D, Lingam R, Mattocks C, Riddoch C, Ness A, Emond A. The risk of reduced 
physical activity in children with probable Developmental Coordination Disorder: a 
prospective longitudinal study. Res Dev Disabil. 2011 Jul-Aug 2011;32(4):1332-42. 
34. Vanderschueren D, Venken K, Ophoff J, Bouillon R, Boonen S. Clinical Review: Sex 
steroids and the periosteum--reconsidering the roles of androgens and estrogens in 
periosteal expansion. J Clin Endocrinol Metab. Feb 2006;91(2):378-82. 
35. Kuh D, Muthuri S, Cooper R, Moore A, Mackinnon K, Cooper C, et al. Menopause, 
Reproductive Life, Hormone Replacement Therapy, and Bone Phenotype at Age 60-
64 Years: A British Birth Cohort. J Clin Endocrinol Metab. Oct 2016;101(10):3827-
37. 
36. Ireland A, Rittweger J, Degens H. The Influence of Muscular Action on Bone 
Strength Via Exercise. Clinical Reviews in Bone and Mineral Metabolism. 
2013;12:93-102. 
37. Komi PV, Fukashiro S, Järvinen M. Biomechanical loading of Achilles tendon during 
normal locomotion. Clin Sports Med. Jul 1992;11(3):521-31. 
38. Finni T, Komi PV, Lepola V. In vivo human triceps surae and quadriceps femoris 
muscle function in a squat jump and counter movement jump. Eur J Appl Physiol. 
Nov 2000;83(4 -5):416-26. 
39. Ferretti JL, Capozza RF, Cointry GR, García SL, Plotkin H, Alvarez Filgueira ML, et 
al. Gender-related differences in the relationship between densitometric values of 
whole-body bone mineral content and lean body mass in humans between 2 and 87 
years of age. Bone. Jun 1998;22(6):683-90. 
40. Johansson J, Nordström A, Nordström P. Objectively measured physical activity is 
associated with parameters of bone in 70-year-old men and women. Bone. Jul 
2015;81:72-9. 
41. Gábaa A, Kapuša O, Pelclováb J, Riegerováa J. The relationship between 
accelerometer-determined physical activity (PA) and body composition and bone 
mineral density (BMD) in postmenopausal women. Archives of Gerontology and 
Geriatrics. 2012;54(3):315-21. 
42. Caspersen CJ, Pereira MA, Curran KM. Changes in physical activity patterns in the 
United States, by sex and cross-sectional age. Med Sci Sports Exerc. Sep 
2000;32(9):1601-9. 
43. Lang TF. The bone-muscle relationship in men and women. J Osteoporos. 
2011;2011:702735. 
44. Blencowe H, Cousens S, Oestergaard MZ, Chou D, Moller AB, Narwal R, et al. 
National, regional, and worldwide estimates of preterm birth rates in the year 2010 
with time trends since 1990 for selected countries: a systematic analysis and 
implications. Lancet. Jun 2012;379(9832):2162-72. 
45. Rüegger C, Hegglin M, Adams M, Bucher HU, Network SN. Population based trends 
in mortality, morbidity and treatment for very preterm- and very low birth weight 
infants over 12 years. BMC Pediatr. 2012;12:17. 
46. Williams EN, Broughton NS, Menelaus MB. Age-related walking in children with 
spina bifida. Dev Med Child Neurol. Jul 1999;41(7):446-9. 
47. Lee dK, Muraszko K, Ulrich BD. Bone Mineral Content in Infants With 
Myelomeningocele, With and Without Treadmill Stepping Practice. Pediatr Phys 
Ther. 2016;28(1):24-32. 
25 
 
48. Majnemer A, Rosenblatt B. Reliability of parental recall of developmental milestones. 
Pediatr Neurol. Jun 1994;10(4):304-8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
26 
 
Variable 
Men (n=588) Women (n=627) 
Mean SD Mean SD 
Age (y) 63.1 1.2 63.2 1.1 
Birthweight (kg) 3.46 0.58 3.39 0.65 
Height (m) 1.75 0.06 1.62 0.06 
Weight (kg) 84.9 12.8 72.3 13.7 
Lean Mass (kg) 53.6 6.9 37.2 5.4 
Fat Mass (kg) 23.7 7.2 29.1 9.2 
Walking Age (months) 13.7 2.4 13.6 2.3 
  n % n % 
Father’s 
Occupational 
Class (age 4y) 
I 42 7.1 47 7.5 
II 132 22.4 140 22.3 
IIINM 117 19.9 123 19.6 
IIIM 176 29.9 173 27.6 
IV 89 15.1 116 18.5 
V 32 5.4 28 4.5 
Sports Ability 
(age 13y)  
Above average 114 19.4 120 19.1 
Average 367 62.4 445 71.0 
Below average 107 18.2 62 9.9 
Own 
Occupational 
Class (age 53y) 
I 75 12.8 14 2.2 
II 275 46.8 268 42.7 
IIINM 69 11.7 220 35.1 
IIIM 126 21.4 38 6.1 
IV 36 6.1 65 10.4 
V 7 1.2 22 3.5 
Leisure time 
physical activity 
(age 60-64y) 
Inactive 355 60.4 354 56.5 
Moderately active 86 14.6 107 17.1 
Most active 147 25.0 166 26.5 
 
Table 1. Characteristics of the MRC National Survey of Health and Development stratified 
by sex (sample restricted to those with complete DXA data). 
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DXA 
Site Variable 
Men 
(n=588) 
Women 
(n=627) 
Mean SD Mean SD 
Total Hip 
BMD (g.cm-2) 1 0.14 0.87 0.13 
BMC (g) 46.8 8 31.4 5.3 
BA (cm2) 46.3 4.7 35.3 3.3 
Femoral Neck 
BMD (g.cm-3) 0.99 0.15 0.92 0.15 
CT (mm) 0.19 0.03 0.18 0.03 
CSA (mm2) 3.55 0.54 2.87 0.45 
CSMI (mm4) 4.39 1.03 2.63 0.64 
Femoral Shaft 
BMD (g.cm-3) 1.75 0.22 1.49 0.2 
CT (mm) 0.67 0.12 0.56 0.1 
CSA (mm2) 5.49 0.76 4.19 0.58 
CSMI (mm4) 5.85 1.38 3.64 0.85 
Spine 
BMD (g.cm-2) 1.05 0.18 0.94 0.16 
BMC (g) 74.6 15.5 56.2 11.5 
BA (cm2) 70.2 6.7 58.5 5.6 
Upper Limb 
BMD (g.cm-2) 0.85 0.08 0.69 0.07 
BMC (g) 437 68 278 45 
BA (cm2) 515 50 404 41 
pQCT 
Site Variable 
Men 
(n=499) 
Women 
(n=500) 
Mean SD Mean SD 
4% Radius 
Total BMC (mg.mm-1) 147 27 95 17 
Total CSA (mm2) 382 74 292 53 
Trabecular BMD (mg.mm-3) 205 42 173 43 
 
Table 2.  Bone outcomes from DXA and pQCT scans at age 60-64 years in the MRC 
National Survey of Health and Development, stratified by sex.  BMD – bone mineral density, 
BMC – bone mineral content, BA – bone area, CT – cortical thickness, CSA – cross-sectional 
area, CSMI – cross-sectional moment of inertia. 
Figure 1. Associations between age at onset of independent walking and total hip, spine and distal radius bone mineral 
content (BMC) for men and women in the MRC National Survey of Health and Development.  Associations are 
presented as standardised regression coefficients, representing the SD difference in each bone outcome per 1SD 
increase in age at walking.
Footnote: Model 1 predictors: Walking Age, Model 2: Model 1 + Height, Model 3: Model 2 + Birthweight + Father’s Occupational Class + 
Sports Ability, Model 4: Model 3 + Adult Occupational Class + Exercise, Model 5: Model 4 + Fat Mass, Model 6: Model 4 + Lean Mass, Model 
7: Model 6 + Fat Mass + Lean Mass.
Figure 2. Associations between age at onset of independent walking and femoral shaft (FS) and femoral neck (FN) hip structural analysis (HSA) 
outcomes for men and women in the MRC National Survey of Health and Development.  Associations are presented as standardised regression 
coefficients, representing the SD difference in each bone outcome per 1SD increase in age at walking.  CSA – cross-sectional area, CSMI – cross-
sectional moment of inertia.
Footnote: Model 1 predictors: Walking Age, Model 2: Model 1 + Height, Model 3: Model 2 + Birthweight + Father’s occupational Class  + Sports Ability, Model 4: Model 3 + 
Adult Occupational Class + Exercise, Model 5: Model 4 + Fat Mass, Model 6: Model 4 + Lean Mass, Model 7: Model 6 + Fat Mass + Lean Mass.
Variable 
Men (n=588) Women (n=627) 
Beta 95% CI P Beta 95% CI P 
Birthweight (kg) -0.062 -0.143 0.019 0.136 -0.022 -0.100 0.056 0.579 
Height (m) 0.083 0.002 0.164 0.044 0.076 -0.002 0.154 0.056 
Weight (kg) -0.092 -0.173 -0.011 0.026 -0.114 -0.191 -0.036 0.004 
Lean Mass (kg) -0.111 -0.192 -0.031 0.007 -0.095 -0.173 -0.017 0.017 
Fat Mass (kg) -0.070 -0.150 0.011 0.092 -0.116 -0.194 -0.038 0.004 
  Mean SD P Mean SD P 
Father’s 
Occupational 
Class (age 4y) 
I 14.7 2.5 
>0.001 
14.3 2.4 
<0.001 
II 14.4 2.6 14.1 2.4 
IIINM 13.9 1.9 14.2 2.4 
IIIM 13.4 2.4 12.9 2.1 
IV 12.9 2.2 13.2 2.2 
V 13 2.2 13.1 2.1 
Sports Ability 
(age 13y)  
Above average 13.4 2.2 
0.045 
13.2 2.1 
0.052 Average 13.7 2.4 13.7 2.3 
Below average 14.1 2.5 13.9 2.5 
Own 
Occupational 
Class (age 53y) 
I 14.3 2.4 
0.019 
13.6 2 
0.035 
II 13.9 2.4 13.7 2.2 
IIINM 13.6 2 13.4 2.4 
IIIM 13.1 2.2 13 2.6 
IV 13.5 2.7 13.8 2.4 
V 13.7 1.8 13.1 2.8 
Leisure time 
physical activity 
(age 60-64y) 
Inactive 13.6 2.4 
0.701 
13.6 2.4 
0.82 Moderately active 13.8 2.6 13.7 2.1 
Most active 13.8 2.2 13.5 2.2 
Supplementary Table 1. Associations between participant characteristics and age at onset of independent walking for men and women in the 
MRC National Survey of Health and Development.  Associations are presented as standardised regression coefficients (representing the SD 
difference in walking age per 1SD increase in predictor) in the case of continuous variables, and as group mean age at onset of independent 
walking (months) and SD for categorical variables. 
Sex Model 
Total Hip Spine 
BMD BA BMD BA 
Beta 95% CI P Beta 95% CI P Beta 95% CI P Beta 95% CI P 
Men 
1 -0.11 -0.19 -0.03 0.007 -0.08 -0.16 0.00 0.046 -0.08 -0.16 0.00 0.046 -0.10 -0.18 -0.01 0.021 
2 -0.13 -0.21 -0.05 0.002 -0.13 -0.20 -0.06 <0.001 -0.13 -0.20 -0.06 <0.001 -0.14 -0.21 -0.07 <0.001 
3 -0.10 -0.19 -0.02 0.015 -0.11 -0.18 -0.04 0.002 -0.11 -0.18 -0.04 0.002 -0.12 -0.19 -0.05 <0.001 
4 -0.10 -0.18 -0.02 0.019 -0.11 -0.18 -0.04 0.002 -0.11 -0.18 -0.04 0.002 -0.12 -0.19 -0.05 0.001 
5 -0.08 -0.16 0.00 0.041 -0.11 -0.18 -0.04 0.003 -0.11 -0.18 -0.04 0.003 -0.11 -0.18 -0.04 0.002 
6 -0.04 -0.11 0.04 0.331 -0.09 -0.16 -0.02 0.012 -0.09 -0.16 -0.02 0.012 -0.08 -0.15 -0.01 0.021 
7 -0.04 -0.11 0.03 0.29 -0.08 -0.15 -0.01 0.026 -0.08 -0.15 -0.01 0.026 -0.08 -0.15 -0.01 0.022 
Women 
1 -0.03 -0.11 0.05 0.42 -0.03 -0.11 0.05 0.41 -0.03 -0.11 0.05 0.48 -0.04 -0.11 0.04 0.35 
2 -0.04 -0.12 0.04 0.30 -0.04 -0.12 0.04 0.31 -0.05 -0.13 0.02 0.16 -0.08 -0.14 -0.01 0.03 
3 -0.03 -0.11 0.05 0.44 -0.03 -0.11 0.05 0.45 -0.05 -0.13 0.03 0.19 -0.08 -0.15 -0.01 0.03 
4 -0.03 -0.11 0.05 0.53 -0.03 -0.11 0.06 0.54 -0.05 -0.13 0.03 0.20 -0.08 -0.15 -0.01 0.02 
5 0.00 -0.09 0.09 0.97 0.00 -0.09 0.09 0.97 -0.01 -0.09 0.06 0.70 -0.06 -0.13 0.01 0.09 
6 0.01 -0.07 0.09 0.78 0.01 -0.07 0.09 0.79 0.00 -0.08 0.07 0.96 -0.05 -0.11 0.02 0.17 
7 0.01 0.01 0.02 0.74 0.01 -0.06 0.09 0.74 0.00 -0.07 0.07 0.98 -0.05 -0.11 0.02 0.18 
 
Supplementary Table 2. Associations between age at onset of independent walking and total hip and spine DXA bone outcomes for men and 
women in the MRC National Survey of Health and Development.  Associations are presented as standardised regression coefficients, 
representing the SD difference in each bone outcome per 1SD increase in age at walking.  BMD – bone mineral density, BA – bone area. 
Footnote: Model 1 predictors: Walking Age, Model 2: Model 1 + Height, Model 3: Model 2 + Birthweight + Father’s Occupational Class  + Sports Ability, Model 4: Model 3 
+ Adult Occupational Class + Exercise, Model 5: Model 4 + Fat Mass, Model 6: Model 4 + Lean Mass, Model 7: Model 6 + Fat Mass + Lean Mass. 
Sex Model 
Femoral Shaft HSA Femoral Neck HSA 
BMD CT BMD CT 
Beta 95% CI P Beta 95% CI P Beta 95% CI P Beta 95% CI P 
Men 
1 -0.12 -0.20 -0.04 0.005 -0.09 -0.17 -0.01 0.022 -0.10 -0.18 -0.01 0.022 -0.09 -0.17 -0.01 0.026 
2 -0.13 -0.21 -0.05 0.002 -0.10 -0.18 -0.02 0.015 -0.11 -0.19 -0.03 0.009 -0.10 -0.18 -0.02 0.012 
3 -0.10 -0.19 -0.02 0.014 -0.08 -0.17 0.00 0.049 -0.10 -0.18 -0.02 0.018 -0.10 -0.18 -0.01 0.022 
4 -0.10 -0.18 -0.02 0.016 -0.08 -0.17 0.00 0.052 -0.10 -0.18 -0.01 0.023 -0.09 -0.18 -0.01 0.029 
5 -0.08 -0.16 0.00 0.037 -0.07 -0.14 0.01 0.108 -0.09 -0.17 0.00 0.04 -0.08 -0.17 0.00 0.049 
6 -0.03 -0.10 0.04 0.394 -0.02 -0.10 0.05 0.585 -0.05 -0.13 0.03 0.19 -0.05 -0.13 0.03 0.215 
7 -0.04 -0.11 0.04 0.341 -0.02 -0.10 0.05 0.526 -0.06 -0.14 0.03 0.184 -0.05 -0.13 0.03 0.207 
Women 
1 -0.05 -0.13 0.03 0.212 -0.04 -0.11 0.04 0.368 -0.03 -0.11 0.05 0.415 -0.03 -0.11 0.05 0.412 
2 -0.06 -0.14 0.02 0.165 -0.04 -0.11 0.04 0.352 -0.04 -0.12 0.04 0.303 -0.04 -0.12 0.04 0.314 
3 -0.05 -0.13 0.03 0.205 -0.04 -0.12 0.04 0.38 -0.03 -0.11 0.05 0.436 -0.03 -0.11 0.05 0.447 
4 -0.05 -0.13 0.04 0.267 -0.03 -0.11 0.05 0.473 -0.03 -0.11 0.05 0.529 -0.03 -0.11 0.06 0.543 
5 -0.01 -0.07 0.06 0.883 0.01 -0.07 0.08 0.902 0.00 -0.09 0.09 0.966 0.00 -0.09 0.09 0.965 
6 -0.01 -0.08 0.06 0.693 0.03 -0.05 0.10 0.514 0.01 -0.07 0.09 0.783 0.01 -0.07 0.09 0.786 
7 -0.02 -0.09 0.06 0.66 0.03 -0.05 0.10 0.501 0.01 0.01 0.02 0.736 0.01 -0.06 0.09 0.741 
 
Supplementary Table 3. Associations between age at onset of independent walking and femoral neck and femoral shaft HSA bone outcomes for 
men and women in the MRC National Survey of Health and Development.  Associations are presented as standardised regression coefficients, 
representing the SD difference in each bone outcome per 1SD increase in age at walking.  BMD – bone mineral density, CT – cortical thickness. 
Footnote: Model 1 predictors: Walking Age, Model 2: Model 1 + Height, Model 3: Model 2 + Birthweight + Father’s Occupational Class  + Sports Ability, Model 4: Model 3 
+ Adult Occupational Class + Exercise, Model 5: Model 4 + Fat Mass, Model 6: Model 4 + Lean Mass, Model 7: Model 6 + Fat Mass + Lean Mass. 
 Sex Model 
4% Radius 
Total CSA Trabecular BMD 
Beta 95% CI P Beta 95% CI P 
Men 
1 -0.11 -0.19 -0.03 0.008 -0.10 -0.18 -0.01 0.021 
2 -0.14 -0.22 -0.07 <0.001 -0.14 -0.21 -0.07 <0.001 
3 -0.13 -0.21 -0.05 0.002 -0.12 -0.19 -0.05 <0.001 
4 -0.12 -0.20 -0.04 0.002 -0.12 -0.19 -0.05 0.001 
5 -0.11 -0.19 -0.03 0.005 -0.11 -0.18 -0.04 0.002 
6 -0.07 -0.14 0.00 0.056 -0.08 -0.15 -0.01 0.021 
7 -0.07 -0.15 0.00 0.054 -0.08 -0.15 -0.01 0.022 
Women 
1 0.01 -0.08 0.09 0.872 -0.01 -0.10 0.07 0.764 
2 -0.01 -0.09 0.07 0.822 -0.01 -0.10 0.08 0.878 
3 -0.02 -0.11 0.06 0.61 0.00 -0.09 0.08 0.947 
4 -0.04 -0.12 0.05 0.413 0.00 -0.09 0.09 0.974 
5 -0.03 -0.12 0.05 0.465 0.00 -0.08 0.08 0.98 
6 -0.01 -0.09 0.07 0.793 -0.01 -0.11 0.08 0.803 
7 -0.02 -0.10 0.07 0.683 0.01 -0.09 0.10 0.853 
 
Supplementary Table 4. Associations between age at onset of independent walking and distal 
radius pQCT bone outcomes for men and women in the MRC National Survey of Health and 
Development.  Associations are presented as standardised regression coefficients, 
representing the SD difference in each bone outcome per 1SD increase in age at walking.  
CSA – cross-sectional area, BMD – bone mineral density. 
Footnote: Model 1 predictors: Walking Age, Model 2: Model 1 + Height, Model 3: Model 2 + Birthweight + 
Father’s Occupational Class  + Sports Ability, Model 4: Model 3 + Adult Occupational Class + Exercise, Model 
5: Model 4 + Fat Mass, Model 6: Model 4 + Lean Mass, Model 7: Model 6 + Fat Mass + Lean Mass. 
 
 
